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数理物質科学研究科 博士論文の要約: 
1. Introduction 
This thesis describes the stability and nature of chemically exfoliated molybdenum disulfide (MoS2) 
nanosheets in aqueous suspensions and their potential application as a building block for the fabrication of a 
photocatalyst material when coupled with titania nanosheets (Ti1-δO24δ−). The unique and attractive properties 
of 2D nanomaterials have triggered tremendous interest in exploring new intriguing functionalities for various 
applications, such as hybrid materials, energy conversion and storage systems, and next-generation electronic 
and optical devices. In particular, the heteroassembly of two different types of 2D nanomaterials, which utilizes 
the coupling effect achieved by their intimate contact, has emerged as a fascinating strategy to prepare novel 
artificial materials and systems. Such a strategy offers an opportunity to discover new properties or integrate 
multiple functionalities into one single object. Several examples have been demonstrated based on this strategy 
such as a vertical heterostructure of hexagonal boron nitride (h-BN) and graphene, which shows a Hofstadter’s 
butterfly effect that was predicted more than 40 years ago. Most fundamental studies on 2D heterostructures 
have been carried out on a specimen fabricated by cleaving layered crystals with Scotch-tape and transferring 
the cleaved part onto a target substrate (e.g., SiO2/Si). However, for practical applications, a large-scale 
production process is necessary. Solution-based assembly techniques (e.g., Langmuir-Blodgett, sequential 
electrostatic adsorption, or spontaneous flocculation) have been considered as an approach to overcome this 
issue. Through these techniques, a wide variety of nanosheets with different functions can be easily integrated 
into desired structures from their colloidal form. Following this direction, the preparation of high-quality 
nanosheets through a chemical exfoliation process is of critical importance. A variety of 2D nanomaterials 
such as graphene, transition-metal oxides (Ti1-δO24δ−, Ca2Nb3O10−, MnO20.4−, etc.) and chalcogenides (MoS2, 
WS2, MoSe2, WSe2, etc.), have been successfully synthesized in large quantities using this process. 
MoS2 nanosheets have recently attracted considerable research attention due to their unique 2D structure 
and intriguing properties, which are distinct from that of their bulk counterpart. MoS2 adopts two different 
crystal structures, i.e., a trigonal prismatic 2H-phase (semiconducting) and an octahedral 1T-phase (metallic). 
The former form is abundantly available in nature and ready to be delaminated through micro-mechanical 
cleavage methods. In contrast, the metallic 1T-MoS2 can be only produced via reduction by reacting its pristine 
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form with alkali metals or organoalkali agents. Due to its unique properties, ranging from semiconducting to 
metallic, MoS2 has a wide range of potential applications for electronic and optoelectronic devices, energy 
storage, and catalysis. Chemical exfoliation of MoS2 can be achieved by treating Li-intercalated crystals with 
water under ultrasonication. Through this method, the exfoliated sheets retain their 1T-type character and 
negatively charged nature. Although this process was established more than three decades ago, detailed studies 
on the underlying mechanism, the production of high-quality nanosheets, and long-term stability have been 
limited. One challenge arising from chemically exfoliated MoS2 nanosheets is that the resultant colloidal 
suspension is unstable and tends to aggregate with time, which certainly hampers the utilization of the 
nanosheets. Therefore, in-depth study of the intrinsic natures and characters of chemically exfoliated MoS2 
nanosheets is of critical importance, as the first step to establish a strategy to keep the exfoliated nanosheets 
stable and in high quality. 
Titania nanosheets (Ti1-δO24δ−) are another important class of 2D nanomaterials from the oxide-based 
family. Titania nanosheets exhibit intense and sharp UV-light absorption, which is an intriguing property 
associated with their two-dimensionality. Therefore, titania nanosheets are very promising for photocatalytic 
applications. However, photocatalytic hydrogen generation with titania, including nanosheets, typically 
depends on the type and amount of co-catalyst. This is because it is necessary to facilitate efficient charge 
separation of the photogenerated electrons and holes and provide more active sites for proton reduction by 
employing other components. Recently, 1T-phase MoS2 has been extensively studied as an electrocatalyst. 1T-
phase MoS2 exhibits a higher catalytic activity and possesses more active sites at its planes and edges than the 
2H counterpart. Therefore, considering the excellent catalytic nature of 1T-phase MoS2, proper design on a 
hetero-assembly between titania nanosheets and 1T-phase MoS2 may lead to an efficient photocatalytic activity 
for hydrogen production. In addition, the 2D nature of the nanosheets used as the building blocks is expected 
to provide intimate contact between the two types of nanosheets, which is beneficial for enhancing their 
interfacial interaction. 
In this study, we systematically investigated the stability and nature of chemically exfoliated MoS2 in 
terms of the suspension stability, nanosheet morphology, electronic nature, and nanosheet phase and 2D 
structure. The work provides a guidance for designing a direct strategy towards a controllable preparation of 
high quality and stability of MoS2 nanosheets. In the second step, a heterointerface structure, in which 
exfoliated MoS2 was attached to restacked-titania (Ti0.87O20.52−) nanosheets, was fabricated, and the 
photocatalytic activity for hydrogen generation was studied. For these purposes, the research was carried out 
in three parts: 
(1) Stability and nature of chemically exfoliated MoS2 in an aqueous suspension. 
(2) Fabrication of two-dimensional heterointerface structure of restacked-Ti0.87O20.52−/1T-phase MoS2. 
(3) Photocatalytic activity for hydrogen generation of the restacked-Ti0.87O20.52−/1T-phase MoS2. 
  
2.  Stability and nature of chemically exfoliated MoS2 in an aqueous suspension 
MoS2 nanosheets were prepared by a reductive intercalation of MoS2 crystals with n-butyllithium followed by 
exfoliation in water under mild ultrasonication. UV-visible absorption spectroscopy was used to examine the 
stability of the nanosheets in an aqueous suspension under two different atmospheres (Fig. 1a-b), i.e., inert N2 
and ambient air. In general, the absorption spectra of the suspension stored in the inert atmosphere showed 
negligible changes, which indicated that the nanosheets were fairly stable. In contrast, the suspension exposed 
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to ambient air showed a gradual decrease in absorbance over the entire spectral range. A new peak at 208 nm 
was observed upon aging the suspension in ambient air, which may be attributed to dissolved species in the 
suspension. The intrinsic signature of 2H-MoS2, which is characterized by two excitonic peaks at 610 and 660 
nm, was hardly observed. This suggests that the nanosheets preserved their 1T-type character upon the aging 
process. 
Fig. 1c-d show the typical morphologies of the nanosheets from the suspensions stored under inert N2 and 
ambient air. Clearly, the nanosheets maintained their 2D shapes when the suspension was stored in an inert 
atmosphere, which suggested that the quality of the nanosheets was preserved. In contrast, the nanosheets were 
broken into small fragments when the suspension was exposed to ambient air. The fragments were estimated 
to be 20-50 nm in the lateral dimension with a thickness similar to that of single-layer MoS2 nanosheets (~1.2 
nm). 
 
 
Fig. 1. UV–visible absorption spectra of MoS2 suspensions stored under (a) inert N2 and (b) ambient air. Corresponding 
AFM images of the nanosheets from suspensions stored in (c) inert N2 and (d) ambient air. 
 
To understand the chemical nature of the exfoliated MoS2, an XPS analysis of the Mo 3d spectra was 
performed (Fig. 2a). The Mo 3d spectra consisted of two peaks at approximately 229 and 232 eV, which are 
assignable to the Mo4+ 3d5/2 and Mo4+ 3d3/2 components, respectively. Two additional peaks can be discerned 
after deconvoluting the Mo 3d5/2 and Mo 3d3/2 peaks with a separation of ~0.8 eV, which shifted to lower 
binding energies relative to the peak positions of Mo4+. The shifted binding energies represent the reduced 
states of the Mo atoms (Mo(4−δ)+), which results in negatively charged nanosheets (MoS2δ−). The proportions 
of the Mo4+ and Mo(4−δ)+ components of the freshly as-prepared samples and those stored under inert N2 were 
nearly the same. This suggests that the nanosheets could, in theory, be stored and remain stable under an inert 
atmosphere. In contrast, the Mo4+ components were dominant for the sample stored in ambient air. The 
proportion change suggests that the nanosheets underwent a reoxidation process. During the process, the 
nanosheets released their residual negative charges into the environment, and the oxidation state of Mo 
returned to the original 4+. On the basis of the different behaviors of the suspensions stored under an inert 
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atmosphere and in ambient air, we concluded that the stability and quality of the nanosheets are strongly 
associated with the reoxidation process. 
The change in the chemical nature of the nanosheets was also monitored by an XRD analysis of the 
restacked nanosheets after they were collected from the aged suspensions and dried (Fig. 2b). The restacked 
sample from the freshly prepared suspension showed two prominent diffraction peaks, which were assigned 
to the 001 and 002 planes of the basal series and corresponded to an interlayer spacing of 1.18 nm. This 
interlayer spacing indicates an expanded structure due to intercalation of bilayer hydrates accommodating Li-
ions. Upon the aging process, the XRD pattern changed to a deintercalated structure and was accompanied by 
the loss of the bilayer hydrates. The pattern showed a 001* peak with a contracted interlayer spacing of ~5.5 
Å (d = 0.62 nm). To estimate the abundance of the intercalated bilayer-hydrate and deintercalated phases, an 
intensity calculation (I) of the basal diffraction series was carried out. The abundance of the intercalated 
bilayer-hydrate phase decreased from 87% to 25% during the aging process for 15 days, and this was 
accompanied by a proportional increase in the deintercalated phase. This evolution suggests that the 
reoxidation process occurred sheet by sheet over the aging time and may imply that the oxidation states of the 
nanosheets are directly restored to 4+. As a consequence, the oxidation states of the nanosheets may be discrete 
at 4+ and (4−δ)+ and should not show a continuous change. 
 
 
Fig. 2. (a) XPS spectra at the Mo 3d core level and (b) XRD patterns of restacked MoS2 as a function of suspension aging 
in ambient air. A schematic of the structural changes in restacked MoS2 upon reoxidation is presented, which are ascribed 
to intercalated bilayer hydrate accommodating Li-ions. 
 
3. Fabrication of two-dimensional heterointerface structure of restacked-Ti0.87O20.52−/1T-phase MoS2 
A wide range of new and enhanced functionalities has been realized from heteroassemblies of two different 
types of nanosheets, i.e., either from a simple heterostructure or their superlattice assembly. However, 
modification or decoration of 2D nanosheets is more favorable for some applications. Especially in 
photocatalysis applications, the attachment of a 2D-based co-catalyst on the surface of photoactive nanosheets 
can be regarded as a promising strategy to enhance the photocatalytic activity of the system by utilizing the 
extensive interfacial coupling interactions between them. In this study, a heterointerface structure of two 
negatively charged nanosheets was fabricated via a novel two-step flocculation route by controlling the number 
of protons (H+ ions) in the solution. In this structure, 1T-phase MoS2 was attached to the surface of restacked 
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Ti0.87O20.52− nanosheets. The attachment of 1T-phase MoS2 on restacked Ti0.87O20.52− was found to be driven by 
the difference in the minimum critical concentration of protons required to flocculate the respective nanosheets. 
To fabricate such a heterostructure, a colloidal suspension of Ti0.87O20.52− nanosheets was first flocculated 
by adding a specific amount of HCl (Fig. 3a). A designated amount of MoS2 nanosheets was then added at a 
rate of 1 cm3 per minute. The color of the precipitate changed from white to black, indicating the adsorption 
of MoS2 nanosheets on the flocculated Ti0.87O20.52−. The XRD analysis of the obtained products confirmed the 
restacking of the Ti0.87O20.52− nanosheets, which was indicated by the basal diffraction peaks corresponding to 
an interlayer spacing of ~1 nm (2θ = 8.24 and 16.5°). In contrast, the basal peak for the restacked MoS2 
nanosheets was hardly identified (2θ = ~14°). This suggests that self-flocculation of the MoS2 nanosheets was 
negligible, and MoS2 attached to the flocculated Ti0.87O20.52−. The TEM analysis revealed the morphology of 
the restacked products, showing agglomerations of the restacked nanosheets (Fig. 3b). This feature could be 
identified from the edge regions of the aggregated nanosheets. The apparent lateral size of the aggregates was 
larger (10−20 µm) than that of the individual nanosheets (<2 µm). 
The presence of the 1T-phase MoS2 on flocculated Ti0.87O20.52− was confirmed by the electron diffraction 
analysis (Fig. 3b, inset), which showed in-plane diffraction rings of 11 and 32 based on the 2D √3×1 
superstructure. However, high-resolution TEM observations only showed the lattice fringes of restacked 
Ti0.87O20.52− (d = ~1 nm) (Fig. 3c). The lattice fringe of restacked MoS2 was hardly identified, which should 
show a smaller spacing distance of ~0.6 nm. In contrast, the presence of the 1T-phase MoS2 was further 
supported by the EDS mapping analysis, which showed a uniform distribution of MoS2 on the restacked 
Ti0.87O20.52− (Fig. 3d). These findings suggest that the MoS2 nanosheets only attach to the surface of the 
agglomerates of the restacked Ti0.87O20.52− nanosheets. 
 
 
Fig. 3. (a) Synthesis route of restacked-Ti0.87O20.52−/1T-phase MoS2 via the two-step flocculation route. (b) TEM image 
of the restacked products with 10 wt% MoS2 (inset: Selected area electron diffraction pattern. Only the in-plane series 
were indexed). (c) Corresponding high-resolution TEM image. (d) EDS elemental mapping, indicating the uniform 
distribution of Mo and S. 
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4. Photocatalytic activity for hydrogen generation of the restacked-Ti0.87O20.52−/1T-phase MoS2 
Given the potential application of the superior photochemical properties of the Ti0.87O20.52− nanosheets and the 
co-catalytic nature of the 1T-phase MoS2, the photocatalytic activity of the heterointerface structure of 
restacked-Ti0.87O20.52−/1T-phase MoS2 was studied for hydrogen generation from aqueous methanol solution 
under UV-light irradiation (Fig. 4a-b). The restacked Ti0.87O20.52− alone (TF sample) showed a H2 generation 
rate of ~0.15 mmol g-1 h-1, which is larger than that of commercial P25 TiO2 nanoparticles (~0.09 mmol g-1  
h-1). The addition of 1T-phase MoS2 led to a progressive enhancement in the photocatalytic activity. The 
highest activity of ~1.2 mmol g-1 h-1 was achieved with a 2.5 wt% loading. The activity is almost one order of 
magnitude higher than that of the restacked Ti0.87O20.52− alone. This enhancement indicates that the 
heterointerface structure has an efficient photocatalytic activity. On the other hand, the restacked 1T-phase 
MoS2 alone (MF sample) did not show any photocatalytic activity, suggesting that the 1T-phase MoS2 acts 
only as a co-catalyst. 
The enhancement in the photocatalytic activity of the heterointerface structure can be understood in terms 
of the properties of the 1T-phase MoS2 intimately attached to the surface of the restacked Ti0.87O20.52−, i.e., 
good metallic conductivity and superior charge transfer kinetics. In this case, 1T-phase MoS2 may work as an 
electron-transfer mediator. As shown in Fig. 4c, the work function of 1T-phase MoS2 has been estimated to be 
~4.2 eV vs vacuum (−0.24 V vs NHE). On the other hand, it has been revealed that the conduction band edge 
of titania nanosheets is −0.78 V vs NHE, which is more negative than the Fermi level of 1T-phase MoS2. 
Therefore, electrons in the conduction band of Ti0.87O20.52− nanosheets can transfer to the 1T-phase MoS2 layer 
to facilitate efficient separation of photogenerated carriers from the Ti0.87O20.52− nanosheets. An efficient H2 
evolution reaction can thus proceed by taking advantage of the catalytic nature of 1T-phase MoS2. 
 
 
Fig. 4. (a) Time course of hydrogen evolution over the restacked samples with different MoS2 loading. (b) The rate of 
photocatalytic H2 evolution. (c) Schematic energy-level diagrams of Ti0.87O20.52− and 1T-phase MoS2 in comparison with 
the potentials for water reduction and oxidation. TF and MF are independently flocculated-titania and 1T-phase MoS2 
alone, respectively. 
 
5. General Summary 
We systematically examined the stability and nature of chemically exfoliated MoS2 nanosheets (1T-phase 
MoS2) and utilized them as a building block to fabricate a heterointerface structure with titania nanosheets for 
a photocatalytic application. The stability and quality of chemically exfoliated MoS2 were strongly associated 
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with the reoxidation process, which brought about the loss of the residual negative charges of the nanosheets 
and induced lateral fracture and aggregation of the nanosheets with time. The reoxidation process proceeded 
sheet by sheet, and the oxidation states of the sheets may be discrete at 4+ and (4−δ)+. The reoxidation process 
of the nanosheets was effectively suppressed by storing the suspension under an inert atmosphere, which is 
crucial for maintaining the quality of the nanosheets and their performance. 
Two-dimensional heterointerface structure of two types of negatively charged nanosheets (Ti0.87O20.52− 
and 1T-phase MoS2) was successfully fabricated via our two-step flocculation route, through which 1T-phase 
MoS2 nanosheets were attached on the surface of restacked Ti0.87O20.52−. This strategy provides a facile and 
robust process for constructing such a heterostructure and is beneficial for large-scale fabrication due to its 
solution processability. The heterointerface structure exhibited a highly efficient photocatalytic activity, ~10 
times higher than that of restacked Ti0.87O20.52− alone. Such an enhancement indicated the merit of the 
heterointerface structure due to efficient separation of photogenerated carriers in the Ti0.87O20.52− nanosheets, 
coupled with advantages from catalytic nature for the hydrogen evolution reaction of 1T-phase MoS2. 
This research provides a deeper understanding of the chemical nature and 2D structure of chemically 
exfoliated MoS2 nanosheets, and identifies and elaborates the factors influencing the stability and quality of 
nanosheets in an aqueous suspension. The work provides a guide for designing a direct strategy to keep the 
nanosheet stable, which is crucial for maintaining the performance of nanosheets for various applications. In 
addition, this research demonstrates a facile and robust process for fabricating a heterointerface structure of 
two types of 2D nanomaterials from similarly charged nanosheets. 
 
